Point cloud construction using digital fringe projection (PCCDFP) is a non-contact technique for acquiring dense point clouds to represent the 3-D shapes of objects.
Introduction
Accurate and rapid measurement of the 3-D shapes of objects is needed in many applications.
Representative applications include reverse engineering, 3-D digital replication, and part inspection. In these applications, dense point clouds (often containing hundreds of thousands of points) that represent the shape of object need to be acquired for surface reconstruction and error analysis. Existing methods for point cloud acquisition can be divided into two categories: contact methods and non-contact methods. Examples of contact methods include Coordinate Measuring Machine (CMM), articulated coordinate measuring arm, and laser tracking system. These methods require touch probes to make physical contact with the objects being measured, which leads to the following limitations: slow measuring speed, difficulty in dealing with surfaces that are soft or fragile, and the presence of normal offsets in the measured data (i.e. the measured 3-D points are not the contact points with the surface but the center of the touch probe's spherical tip). Non-contact measurement methods, on the other hand, have eliminated these limitations. Some popularly used methods in industry include laser scanning [1] , photogrammetry [2, 3, 4] , and structured light [5, 6] .
In the community of Computer-Aided Design (CAD), intensive research has been done on topics related to the processing of massive point cloud data acquired by varied means. Some of the most popular topics include: representation of point cloud data [7, 8, 9] , registration and merging of multiple point clouds [10] , surface reconstruction (from point clouds) [11, 12, 13, 14] , extraction of surface features [15] , and scan planning [16, 17] . In this paper, we focus on the acquisition of point cloud data instead of discussing the above topics.
Point cloud construction using digital fringe projection (PCCDFP) is a non-contact measurement technique based on structured light [18] . Compared to laser scanning and photogrammetry, the most significant advantage of PCCDFP technique is its high data rate. Depending on camera resolution and hardware synchronization, PCCDFP systems can achieve data rates in the order of million points per second. While laser scanners need to be Figure 1 : Schematic diagram of a PCCDFP system with one projector and one camera mounted on CMM or similar devices to perform area scan, due to their line scanning nature, PCCDFP systems can perform area scans by themselves. For photogrammetry based techniques, it is generally needed to place reflective targets on surfaces being measured in order to achieve good accuracy. There is no such need for PCCDFP technique. For these reasons, PCCDFP is the preferable technique for many industrial applications where an accurate, fast, and inexpesive shape measurement tool is needed.
The simplest PCCDFP system contains one digital projector and one camera (as shown in Fig. 1 ). The basic principle behind the approach is to project known patterns on the object using the projector, by which the object's surface is encoded with phase values. The camera is used to take images of the object with the known patterns imposed on it. By using techniques such as phase-shifting to design the projection patterns, the phase map of the surface can be acquired accurately from the resulting images. A dense point cloud that represents the surface being measured can then be constructed using triangulation method.
Readers are referred to Ref. [19, 20, 21] for more details on PCCDFP.
PCCDFP technique uses a set of projection patterns to perform a measurement. Different designs of patterns could result in different measurement accuracy and coverage [22] . For applications that demand high measurement speed, e.g. 100% on-line inspection of parts, the number of projection patterns that can be used in a measurement is constrained by the speed of system hardware, e.g. the speed of the projector and the camera, as well as the sychronization between the two. In such a case, an interesting research issue is how to design A popularly used projection pattern for PCCDFP is sinusoidal fringe pattern (as shown in Fig. 2(a) ), in which the fringes are straight and the fringe pitch is fixed. Here, term "fixed fringe pitch" refers to the pitch of fringes in a single pattern. For systems using temporal phase unwrapping techniques [23, 24] , multiple fringe patterns with different fringe pitches are used. However, the fringe pitch in each pattern is still a constant, although it may vary from pattern to pattern. In certain situations, fixed-pitch fringe patterns do not give ideal results. Fig. 2(b) shows the image (portion view) of a sphere under the projection of a sinusoidal fringe pattern. As can be seen, at the left side of the sphere fringes are crowded together and indistinguishable. This will result in an unresolvable area in the constructed point cloud. This is mainly caused by the change of surface normal direction from the left side of the sphere to the right. On the other hand, while using a carefully designed pattern with variable fringe pitch, the resulting image shows appropriately spaced fringes and the accuracy of measurement can be possibly improved (see Fig. 3 (a) and 3(b)). We should note that the problem with crowding of fringes in the image cannot be simply solved by using sinusoidal fringe pattern with a much larger fringe pitch, because that will reduce the However, the potential improvement in measurement performance that can be achieved by using adaptive projection patterns has not been utilized so far.
In our prior work [21] , we have described a mathematical framework that can use geometrically complex projection patterns. The traditional phase-shifting method has been generalized to handle patterns with spatially variable fringe pitches. A new triangulation algorithm was developed to convert phase maps to point clouds. By utilizing a reference phase map, this algorithm is able to use generalized projection patterns in a seamless manner and at the same time handles the projector's lens distortions automatically. Since the new triangulation algorithm was derived strictly from the optical geometry model of the PCCDFP system, it provides high accuracy in point cloud constructions.
In this paper, we describe algorithms for automatically generating adaptive projection patterns to achieve improved accuracy and coverage in point cloud acquisition. The algorithm utilizes knowledge on the rough shape of the object, which can be acquired from a preliminary measurement. For applications such as inspection of parts on the production line, this method involves negligible overhead, because the adaptive pattern needs to be constructed only once and can be used for all successive parts of approximately the same shape.
It is worth mentioning that, the accuracy and coverage in point cloud acquisition is a complicated issue and the possible improvement that can be achieved by using adaptive patterns is constrained by many factors, e.g. specifications of the hardware and the shape of the object. It is possible that in certain cases adaptive patterns do not provide significant advantage over traditional fixed-pitch fringe patterns. The use of adaptive patterns, nevertheless, provides a new tool for achieving better measurement performance.
Background
When fixed-pitch fringe patterns are used, the measurement of an object using PCCDFP includes the following steps (see Fig. 4 ):
• Projects phase-shifted straight fringe patterns on the object and records the images.
• Constructs an absolute phase map of the object from the images acquired.
• Constructs a point cloud from the absolute phase map of the object.
Using adaptive projection patterns requires modifications to the above procedure and introduces additional steps. The primary new step is generation of adaptive projection pattern based on the shape of the object being measured. A schematic diagram of the new procedure is shown in Fig. 5 . A detailed explanation of it is given below.
• Generation of adaptive projection pattern: If objects have different shapes or they are placed at different positions, the adaptive projection patterns that could give optimal measurement performance may be different. Hence, if the shape or position of the sensor. These information can either be provided to the system in the form of a geometric model of the object, or acquired by a preliminary measurement. In the latter case, the measurement can be conducted using a fixed-pitch fringe pattern with a medium number of fringes to avoid any possible unresolvable area. This measurement is not intended to give accurate result of the object's shape; however it is appropriate for the generation of adaptive patterns. A detailed description of the algorithm for generating adaptive projection patterns is given in Section 3.
• Construction of new reference phase map: The point cloud construction algorithm we have used requires a reference phase map, which is an absolute phase map of a flat plane under the projection pattern used for measurement. When a new projection pattern is generated and is to be used in future measurements, a new reference phase map needs to be constructed. The construction of the new reference phase map can be done through an interpolation based approach which takes the adaptive projection pattern as input as well as two "regular" reference phase maps that are obtained using fixed-pitch fringe patterns. A detailed description of this algorithm is presented in Section 4.
• Measurement of the objects: Once the adaptive projection pattern has been generated and the corresponding reference phase map has been acquired, the procedure of measurement by using the adaptive pattern is the same as with fixed-pitch fringe patterns. In other words, a set of phase-shifted adaptive patterns are projected on the object and the corresponding images are recorded. From these images an absolute phase map of the object, and hence a point cloud that represents the object's surface, can be constructed.
To use adaptive projection patterns, we have generalized the conventional phase-shifting technique [21] . The following two step approach is used to generate fringe patterns:
• Step 1: A phase function Φ(ξ, η) is defined in the image plane of the projector, i.e. the ξ-η plane. Φ(ξ, η) must be continuous in the ξ-η plane and monotonic in either ξ or η direction, depending on the position of the camera w.r.t. the projector.
• Step 2: The phase function Φ(ξ, η) is converted to light projection pattern(s) by some encoding method. Light properties that can be used for encoding include intensity, color, etc. In practice, light intensity, without the involvement of color, is most popularly used since the intensity of light can be measured accurately by photo sensors such as CCD. A widely used modulation function for converting phase values to light intensities is the sinusoidal function. For digital projectors, in which light intensity is presented in gray-levels, the sinusoidal modulation can be described using the following equation:
where I (P ) (ξ, η) is the gray-level in the projection pattern and I
(P )
max is the maximum gray-level of the projector. Fig. 6 shows an example phase function Φ (gray-levels represent phase values) and the corresponding projection pattern constructed using Eqn. 1.
Algorithm for Automated Generation of Adaptive Projection Patterns
In PCCDFP techniques, projection patterns are used to acquire phase maps of surfaces.
The accuracy and coverage of the phase maps acquired determine the accuracy and coverage of the final measurement result. The main idea behind adaptive projection patterns for Considering the presence of error sources such as image noise, the accuracy of the phase maps can be improved by two approaches: maintaining high fringe contrast in the images, and using the smallest fringe pitch possible in the projection pattern. There are inherent limitations on how small a fringe pitch and high a contrast can be used. In addition, these two approaches may lead to conflicting parameter settings.
The smallest fringe pitch that can be used in projection patterns is limited by the resolution of the digital projector. Most commercial digital projectors have relatively large apertures and hence small depth of focus. The light projection in the measurement volume of a PCCDFP system generally experiences some degree of defocusing [25] . When the fringe pitch in the projection pattern is smaller than a certain value, the defocusing issue can cause a significant drop of the projected fringe contrast and hence a poor fringe contrast in the images. Based on our experience with three different DMD projectors, we found that 8 pixels is the practical minimum for the fringe pitch to be used in projection patterns.
The finite resolution of the digital camera also limits the fringe pitch that could be used in projection patterns. As demonstrated earlier, the local fringe pitch in the images depends on the surface shape. For fixed fringe pitch in the pattern, the local fringe pitch in certain areas of the images might be too small such that fringe crowding problem would occur and result in unresolvable areas in the constructed phase map.
Based on the above guidelines for designing projection patterns, we developed an algorithm to automatically generate adaptive fringe patterns for point cloud acquisition. The basic idea behind the algorithm is to always use the smallest local fringe pitch in the pattern which could provide good projection contrast and at the same time not to result in fringe crowding in the images. A detailed description of the algorithm is as follows:
1. Acquisition of two absolute phase maps, Φ (V ) and Φ (H) , of the surface being measured:
Two absolute phase maps of the surface being measured are acquired by using vertical and horizontal fixed-pitch fringe patterns respectively. Both patterns use large fringe pitches to avoid possible unresolvable areas in the phase maps (due to fringe crowding in the images). Let p
f c denote the smallest fringe pitch in the pattern that could provide satisfactory projection contrast. In practice, we choose p 
where p
is the fringe pitch used in the horizontal fringe pattern and is generally selected to be close to the value of c p0 · p 
By combining Eqns. 2 and 3, the coordinates (ξ 1 , η 1 ) can be calculated as follows:
2. Construction of the gradient field of the adaptive pattern, [∇Φ]
P (s, t) denote the phase distribution of the adaptive projection pattern to be built, which is a 2-D array defined in the ξ-η space. (s, t) are indices to elements in
[∇Φ]
where S × T has the dimensions of Φ (A) P . To build the adaptive projection pattern, the gradient field [∇Φ] (A) ξ needs to be constructed using the following approach:
• Initialize all elements in [∇Φ]
f c is the critical fringe pitch of projection pattern as defined earlier.
• Let p for all pixels (i, j) in the phase map of the surface that satisfy
mark the corresponding pixels in M (I) as 1s and all others as 0s. where c p0
is the coefficient defined in Eqn. 2. The 1-pixels in M (I) form a number of connected components, which can be isolated and labeled by using region growing algorithm [26] .
• Let R • Consider a marked region R [∇Φ]
Perform this operation for all pixels in region R 
This process requires the initialization of the first column of Φ (A)
P (s, 1) (s = 1, · · · , S), which is generally set to zeros.
Building the adaptive pattern:
The adaptive projection pattern is built from its phase distribution, Φ (A) P , by applying a sinusoidal modulation. The intensity distribution of the pattern can be expressed using the following equation:
where I (P ) (s, t) is the intensity of pixel (s, t) and I (P ) max is the maximum intensity of the projection pattern.
The process of generating an adaptive projection pattern for the measurement of a sphere is demonstrated in Fig. 7 . Fig. 7(a) shows the phase map of the sphere Φ (V ) (shown as isophase value contours), which is acquired by using the vertical fringe pattern Φ in the form of contours. The adaptive projection pattern generated at the end is shown in Fig. 7(d) .
Algorithm for Construction of New Reference Phase Map
Recall that the construction of point clouds requires a reference phase map which depends on the projection pattern used for measurements (see Section 2 and Fig. 5 ). When a newly generated projection pattern has to be used, the reference phase map needs to be reconstructed.
The algorithm for construction of new reference phase map requires two absolute phase maps of the reference plane as well as the generated adaptive pattern. Let Φ P (ξ, η) can be expressed using the following equations: 
where c V and c H are constants defined in Eqn. 10.
2. Using the calculated coordinates (ξ 1 , η 1 ), compute the phase value Φ (A) P (ξ 1 , η 1 ) by interpolating over the phase distribution of the generated adaptive pattern Φ (A) P (ξ, η).
The calculated phase value Φ (A)
An example of constructing new reference phase map for an adaptive projection pattern is shown in Fig. 8 . Fig. 8 R that is constructed.
Results and Discussion
The two algorithms presented in this paper, namely the algorithm for automated generation of adaptive patterns and the algorithm for construction of new reference phase map, were implemented in Matlab. Using a PCCDFP system (hardware and software) we have developed in our prior work [21] , a number of experiments were performed on objects with various shapes. For each object, several measurements were made by using automatically generated were on CAD models using a simulation software. The second type of experiments were conducted on physical objects using a physical PCCDFP system.
Performance Tests Using Measurements on CAD Models
We have developed a simulation software for PCCDFP system. The software is basically a scene rendering engine which generates images (from the camera's view) for given object(s), projection pattern, and scene description (e.g. projector and camera parameters, ambient light condition, etc.). The projector and the camera are modeled using the pinhole camera model with Brown's lens distortion model [27] . The scene rendering is done by ray tracing with the consideration of the pixel integration effect of CCD/CMOS cameras. The ACIS geometric kernel is used to facilitate the ray tracing process so that the software can handle objects of virtually any shapes provided their ACIS models are given. The classic Phong model is used to model the surface reflection of the objects.
To simulate the influence of error sources, noise was added to the images of objects which were obtained under the projection of fringe patterns. For all simulation runs, noises were generated with a uniform distribution and a magnitude of 2.5% (plus and minus) of the maximum image intensity.
The developed simulator allows us to quickly conduct experiments on virtual objects (i.e., CAD models). Four representative experiments are reported in this section: a block with a cone-shaped hole (shown in Fig. 9 ), a part with a sawtooth profile (shown in Fig. 13(a) ), a spherical surface (shown in Fig. 14(a) ), and a randomly generated spline surface (shown in Fig. 15(a) ). The X-Y dimensions of the parts are equal to or bigger than 200 mm × 200 mm.
The Z-dimensions of the parts are as follows: the cone-shaped hole, 160 mm; the part with The automatically generated adaptive projection patterns for the measurements of different parts are shown in Fig. 11(a), 13(b), 14(b) and 15(b) . When fixed-pitch fringe patterns (e.g. n F = 100) were used, the images of all the parts have certain degree of fringe overcrowding in some portions of the images. As a result, the construction of point clouds failed at these regions. Take the measurement of the cone-shaped hole as an example. As can be seen from Fig. 10 , there is a severe fringe overcrowding in the region that corresponds to the center-right part of the cone. In the constructed point cloud as shown in Fig.12(a) , that part of the cone is missing. The same problem was observed in the measurements of other parts as well. However, the use of adaptive projection patterns eliminated this problem (see Fig. 11(b) ). This is because of the fact that, in the middle region of the projection pattern (see Fig. 11(a) ), which is projected on the right slope of the cone, the fringe pitch has been (c) Measurement performance: adaptive fringe pattern vs. fixedpitch fringe patterns (n F represents fringe number) Figure 12 : Results of the measurement of a cone-shaped hole extended dramatically so that a reasonable fringe pitch is forged when observed from the camera's angle.
The measurement performance achieved by using adaptive and fixed-pitch fringe patterns are shown in Fig. 12(c), 13(d), 14(c) and 15(c) . The horizontal axes of the plots represent the number of pixels that are unable to be resolved in a measurement. The total number of pixels is 512 × 512 = 262, 144. The vertical axes represent the RMS value of measurement error. n F is the number of fringes in the fixed-pitch fringe patterns. As can be seen from the plots, when fixed-pitch fringe patterns (with varied fringe numbers) were used, any single measurement could not achieve good accuracy and good coverage at the same time. A high fringe number (e.g. 121) is able to achieve very good measurement accuracy but the surface area it fails to measure is quite large; On the other hand, a low fringe number (e.g. 49) has excellent measurement coverage but the accuracy of measurement is fairly poor. With the use of adaptive patterns, a compromise can be achieved. In all measurements conducted, the adaptive patterns achieved an accuracy that is comparable to a fixed-pitch fringe pattern with a fringe number between 100 to 121. At the same time, it achieved a measurement coverage that is comparable to (a fixed-pitch fringe pattern with) a fringe number between 49 to 64.
In the measurements of the cone-shaped hole by using fixed-pitch fringe patterns, the part was placed at a few slightly different tilt angles around Y (W ) -axis. Fig. 12(c) shows the results of the part at two different tilt angles, θ P art = 0 0 and θ P art = 7 0 , where θ P art = 0 0 corresponds to the orientation that the part's top surface is parallel to the
plane. The measurement results indicate that, different tilt angles of the part yield different measurement accuracies and coverages for the same fringe pattern. However, it only changes the balance of the measurement performance between accuracy and coverage but makes no improvement to the measurement performance as a whole. 
Performance Tests Using Measurements on Physical Parts
The performance test of adaptive projection patterns was also conducted on physical parts, Fig. 17(b) . In order to evaluate the measurement accuracy, the point cloud acquired in a measurement was fitted to a cylinder and the residual deviation was analyzed. Fig. 17(c) shows the measurement coverage and measurement accuracy achieved by using different projection patterns. The horizontal axis of the plot represents the number of pixels that could not be resolved in the measurement, and the vertical axis represents the RMS value of the divergence of the point cloud from a perfect cylinder. As can be seen, the adaptive projection pattern achieved a better overall measurement performance than fixed-pitch fringe patterns. Also notice that, for fix-pitch fringe patterns, the RMS value of measurement error increased as the fringe number (n F ) grew from 100 to 144, which is different from the test results with CAD models (see Sec. 5.1). This is because, as the fringe number gets larger than around 100, the defocusing issue of the projector [25] causes a significant drop in fringe contrast, which in turn causes an increase in measurement error. However, this phenomenon Similiar tests were also conducted on a variety of parts. The developed algorithms worked well in generating adaptive projection patterns to eliminate fringe overcrowdings in images. Fig. 18 shows the result of measurements made on a plastic human face model. When fixedpitch fringe patterns were used, as shown in Fig. 18(a) , the left boundary of the face and the left side of the nose have fringe overcrowding problems. The automatically generated adaptive pattern, shown in Fig. 18(b) , has increased fringe pitches in these regions. The resulting image (shown in Fig. 18(c) ) obtained from adaptive pattern has no such problem.
Similar improvement was also observed in the measurements of a plastic base of a telephone handset (results shown in Fig. 19 ).
As a summary of the above, when the number of fringes in the projection pattern is fixed, e.g. in order to maintain a certain measurement accuracy, adaptive projection pattern is able to achieve better measurement coverage than fixed-pitch fringe pattern. 
Conclusions
Most existing PCCDFP systems use projection patterns consisting of straight fringes with fixed fringe pitches. When measuring objects with a large range of surface normal directions, it is hard to achieve high measurement coverage and good measurement accuracy at the same time by using fixed-pitch straight fringe patterns. Patterns that use curved fringes with spatial pitch variation can significantly improve the point cloud acquisition process in such cases. Hence, a possible way to achieve good measurement accuracy and coverage is to use projection patterns that have been customized for the object being measured. Such customization involves curving fringes at certain locations and spatially varying fringe pitch. This paper describes algorithms for automatically generating adaptive projection patterns that use curved fringes with spatial pitch variation to provide improved measurement results for an object being measured. In addition, we also describe the algorithm for constructing the reference phase map. Both simulation and physical experiments show that adaptive patterns are able to achieve improved performance. Specifically, adaptive projection patterns provide In applications such as on-line parts inspection doing batch processes, e.g. sheet metal stamping, parts being measured are of virtually the same shape and are placed approximately at the same position and orientation with respect to the measuring device. Hence, the adaptive patterns optimized for measuring these parts need to be generated only once and can be repeatedly used thereafter. The overhead of using adaptive patterns (i.e. the procedure to generate adaptive patterns) is negligible, which makes it an ideal solution for such applications.
As a part of the future work, an in-depth understanding of the relationship between the fringe pitch in projection pattern and the resulting measurement performance needs to be established. Furthermore, the influence of other measurement factors need to be characterized.
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